An NADPH oxidase analogous to that in mammalian phagocytes has been hypothesized to produce reactive oxygen species (ROS) in the plant defence response. A. thaliana contains at least six gp91 phox homologues, designated AtrbohA-F (A. thaliana Respiratory Burst Oxidase Homologues), which map to different positions. Transcripts of three of these genes can be detected in healthy plants by RNA gel blot analyses. The Atrboh gene products are closely related to gp91 phox and the intron locations suggest a common evolutionary origin. A putative EF-hand Ca 2⍣ -binding motif in the extended N-terminal region of the Atrboh proteins suggests a direct regulatory effect of Ca 2⍣ on the activity of the NADPH oxidase in plants.
Introduction
Production of reactive oxygen species (ROS) at the cell surface is one of the earliest events detected in the plant defence response (Hammond-Kosack and Jones, 1996; Lamb and Dixon, 1997) . The generation of superoxide anion (O 2 -) was first reported in incompatible interactions between potato and Phytophthora infestans (Doke et al., 1983) . However, in most studies the product of its rapid dismutation, hydrogen peroxide (H 2 O 2 ), is detected. Several roles for ROS have been proposed in plant defence, such as direct killing of the attacking pathogen, strengthening cell walls via oxidative crosslinking of cellwall glycoproteins, signalling, or as a cause of cell death (Dangl et al., 1996; Hammond-Kosack and Jones, 1996; Lamb and Dixon, 1997) .
Several mechanisms have been proposed to explain ROS generation by plants. However, a plasma membrane NADPH oxidase, analogous to that which generates the respiratory burst in mammalian phagocytes is a likely source of ROS (Lamb and Dixon, 1997) . The mammalian NADPH oxidase is a multienzymatic complex involving a membrane bound NADPH-binding flavocytochrome b 558 and cytosolic regulatory proteins including the phosphoproteins p47 and p67, and rac2, a small GTP-binding protein (Segal and Abo, 1993) . The membrane cytochrome consists of glycosylated transmembrane protein gp91 phox and nonglycosylated p22 phox subunit, and contains the entire electron transport chain from NADPH to oxygen.
We isolated OsrbohA, a rice gene homologous to gp91 phox (Groom et al., 1996) . As Arabidopsis thaliana is widely used to study the plant defence response, we set out to document the entire A. thaliana Rboh gene family as a first step to generate mutants to assess the involvement of the Atrboh genes in the oxidative burst and in plant defence. Here we characterize six gp91 phox homologues in A. thaliana.
Results
Both genomic DNA and cDNA from healthy leaves of A. thaliana ecotype Landsberg erecta were used as template in PCR with degenerate oligonucleotide primers, designed based on conserved regions between the Cterminus of the human gp91 phox protein (Royer-Pokora et al., 1986) and the rice gene OsrbohA (Groom et al., 1996) . We identified PCR products corresponding to six different genes, named AtrbohA-F. Products from homologues D, E and F were recovered by amplification of a cDNA template, whereas products corresponding to homologues A, B and C were only amplified from genomic DNA template.
To obtain genomic clones of the AtrbohA-E genes, PCR products amplified with the primer combination NAD2/ NAD5 on genomic DNA and from cDNA were used to screen a Landsberg erecta cosmid library. Fragments containing the AtrbohA-E were subcloned and sequenced. Genomic sequences spanning some introns in the 3Ј-end of AtrbohF were obtained by sequencing PCR products amplified from genomic DNA.
The same PCR products were used to screen an A. thaliana Landsberg leaf cDNA library. Only cDNAs corresponding to AtrbohD were identified in this screening, the longest being 2852 bp. cDNA clones corresponding to AtrbohF were isolated from a Columbia cDNA library using a junction fragment probe derived from a transposed dAc-I-RS element recovered from a line exhibiting slow growth (Machida et al., 1997) . The longest AtrbohF cDNA clone isolated was 3080 bp.
The deduced amino acid sequence of each homologue is longer than human gp91 phox . The translation start in homologues A, C and D was identified as the first ATG found in the long first exon (data not shown). Similar methionine locations were found in the other three homologues. The AtrbohA-F proteins are predicted to be 897, 843, 905, 921, 948 and 944 amino acids in length, respectively, whereas gp91 phox is 570 amino acids (Figure 1 ). The plant homologues have four extra exons in the 5Ј end of each gene, with the position of the introns absolutely conserved. No significant homology to p22 phox , the other component of the flavocytochrome b 558 (Segal and Abo, 1993) was found. Interestingly there is a Ca 2ϩ -binding motif of the EF-hand loop type in the third small exon (49 bp) of these A. thaliana homologues, flanked by α-helical conformations ( Figure 1a ). The sequence of 13 amino acids (positions D-266/V-278 in AtrbohD) matches the consensus sequence for the Ca 2ϩ -binding fold of the EF-hand (Nakayama and Kretsinger, 1994) , with the only exception of L-187 in AtrbohB. The presence of the highly conserved motif in all the Atrboh proteins suggests a possible direct effect of Ca 2ϩ in the function of the NADPH oxidase in plants.
Apart from the N-terminal extension relative to gp91 phox , the plant Rboh proteins are highly similar to gp91 phox . Figure 2 (a) shows the similarity/identity of these proteins and a phylogenetic tree. The Atrboh proteins show 59.8-62.3% similarity to gp91 phox , whereas other related flavoproteins such as the yeast ferric reductase FRE1 (Dancis et al., 1992) , show only 45.9% similarity. The analysis of the hydropathy profiles of these proteins reveals many coincidences with the profile of gp91 phox ( Figure 2b ). The C-termini of the Atrboh proteins show greater overall sequence similarity to gp91 phox (Figure 1b) , especially in the last intracellular domain which contains the functional motifs that bind the FAD and the NADPH cofactors, and have some amino acids known to be absolutely required for gp91 phox function (Roos et al., 1996; Segal et al., 1992) . AtrbohE is the most closely related A. thaliana homologue to gp91 phox . Further analysis of OsrbohA shows it is longer than initially reported. 5Ј to the methionine predicted by Groom et al. (1996) lies an intron of Ͼ 6 kb that corresponds to the fourth intron of Atrboh genes. There is also a putative EF-hand motif in the third exon of OsrbohA (Groom and Torres, unpublished data) .
The Atrboh genes are complex; the number of predicted introns varies from 7 in AtrbohD to 13 in AtrbohE. The location of the splicing sequences of each intron are absolutely conserved. The 14 possible intron positions are presented in Figure 1 (arrow-heads) and are compared in Figure 2 (c). AtrbohA, B and C have the characteristic 9th intron, whereas E and F are the only homologues that share the 11th, 12th and 13th introns. AtrbohD has only 7 introns. Interestingly the position of the 6th and 7th introns in these plant homologues coincides with intron locations 7 and 8 in human gp91 phox (Skalnik et al., 1991) .
A. thaliana CIC YAC clones that carried each Atrboh gene were identified by PCR. AtrbohB and F are located on chromosome 1. The position of AtrbohB on top of chromosome 1 has been confirmed by sequences from the BAC F7G19 (accession AC000106), from the A. thaliana genomic sequencing project. AtrbohF maps around position 120 of chromosome 1 (Machida et al., 1997) . Homologues A, C and D are on chromosome 5, around positions 5:3, 5:74 and 5:88 (http://synteny.nott.ac.uk/agr/ri.html). AtrbohE resides on a unanchored YAC clone (CIC8C5).
The NAD3/NAD5 combination of primers that amplifies fragments of the same size (174 bp) from all six homologues was used to assess the relative abundance of the different transcripts in leaf cDNA. 103 cloned PCR products were sequenced: 39 products corresponded to AtrbohD, 34 to AtrbohF, 3 to AtrbohE and 27 were artefacts. None corresponded to homologues A, B or C. These data were confirmed by RNA gel blot analysis, as DNA gel blot analysis performed at normal conditions (0.5 ϫ SSC, 65°C) showed each Atrboh gene is single copy (data not shown). Transcripts from AtrbohD, E and F could be detected, but none from AtrbohA, B and C (Figure 3 ). D and F transcripts were more abundant in root tissue than in leaves, stems or inflorescences. Transcripts of AtrbohA, B and C could be detected by RT-PCR (data not shown).
Discussion
Cloning of gp91 phox homologues in A. thaliana provides valuable material to study the involvement of these genes in the production of ROS and their role in disease resistance. A. thaliana carries at least six homologues in contrast to the single gene identified in mammals (Royer-Pokora et al., 1986) . Despite the high homology between the Atrboh genes (59-62%), even when genomic DNA gel-blots were hybridized at low stringency (50°C, washes until 4 ϫ SSC) each probe only detected one homologue (data not shown), so more Atrboh genes could exist. However, the exhaustive analysis of PCR products obtained on cDNA using degenerate primers suggests that, if there are more gp91 phox homologues in A. thaliana, they are unlikely to be expressed in healthy leaf tissue.
The Atrboh gene transcripts are not abundant; only transcripts corresponding to homologues D, E and F were detected by mRNA blot analyses, in all the tissues analysed (Figure 3) . However, the high levels of mRNA of homologues D and F in roots, implies developmental regulation. (a) N-terminal alignment of the predicted AtrbohA-F proteins and gp91 phox using the Pileup program (UWGCG). The introns are indicated by arrow-heads. The box highlights the putative EF-hand. Beneath this box is the sequence of a canonical EF-hand (Nakayama and Kretsinger, 1994) where n is a hydrophobic residue, -is any residue and x, y and z contain oxygen within their side-chain. (b) C-terminus comparison of AtrbohA-F, OsrbohA, gp91 phox and FRE1 proteins. Sequences were aligned by the CLUSTAL method using the MEGALIGN program (DNAstar. Madison. WI). The motifs homologous with other oxidoreductases are inside large squares (Segal et al., 1992) . The arrows correspond to additional amino acids that are required for the human NADPH oxidase function and are conserved between gp91 phox and the Rboh proteins (Roos et al., 1996) . The asterisks represent histidines forming part of the bis-heme motif (Finegold et al., 1996) . The GenBank accession numbers of the Atrboh genes are AF055353, AF055354, AF055355, AF055357, AF055356 and AB008111, respectively. a © Blackwell Science Ltd, The Plant Journal, (1998), 14, 365-370 Further expression analyses will be carried out to study the specific pattern of expression and regulation of these genes. Different Atrboh genes could be involved in different developmental phenomena and/or stress responses.
The Rboh proteins are similar to a family of low potential plasma membrane β cytochromes that includes gp91 phox and some related ferric reductases from yeast such as FRE1 (Dancis et al., 1992) . The four critical histidines postulated to bind the two hemes required for transfer of electrons from a cytosolic donor across the membrane to an extracellular acceptor (Finegold et al., 1996) are absolutely conserved (H-459, 473, 561 and 574 in AtrbohD; Figure 1 ). The comparison of hydropathy profiles (Figure 2b ) and the coincidences in the protein alignments (Figure 1 ) confirm the Rboh/gp91 phox similarities. Two conserved intron positions between the mammalian and plant homologues (Figure 2c ) support the idea that these genes evolved from a common ancestor.
The Atrboh gene products carry an extra N-terminal extension containing regions showing conserved amino acids and a putative Ca 2ϩ -binding motif (Figure 1a) . Sequences matching an imperfect EF-hand can also be detected 32 amino acids downstream from this motif. However, the presence of non-conserved residues in this region indicate that the Atrboh proteins probably carry only a single EF-hand. The presence of an EF-hand in all the plant gp91 phox homologues suggests a role of Ca 2ϩ in the regulation of the NADPH oxidase activity.
Some models predict gp91 phox has an extracellular Nterminus, an intracellular C-terminus, and contains five transmembrane domains (Roos et al., 1996) . However, the existence and size of this N-terminal extension suggests that the N-terminus of the Atrboh proteins and possibly gp91 phox is cytoplasmic. This is in agreement with the prediction by Finegold et al. (1996) of an extra transmembrane domain around the first bis-heme motif, and with the fact that only three of the five predicted sites in gp91 phox are glycosylated (Wallach and Segal, 1997) . This analysis would predict these gene products as having six transmembrane domains and an intracellular N-terminus (Figure 2d ). These six putative transmembrane domains are conserved in all the A. thaliana gp91 phox homologues.
The analysis of these 6 Atrboh genes points out many similarities to the human gp91 phox , as well as some interesting characteristics only present in the plant homologues. The identification of these homologues provides a useful tool for reverse genetics to investigate the function of these genes in ROS production in resistance to microbial invasion, and in plant development.
Experimental procedures

Plant material
A. thaliana ecotypes Columbia and Landsberg erecta were grown in soil under a 10-h light/14-h dark regime at 22°C to extract genomic DNA and total RNA.
DNA and RNA isolation and analyses
Genomic DNA was extracted from inflorescences as described (Ausubel et al., 1996) . Total RNA was extracted from roots, rosette leaves, young stems and flower buds. Poly (A) ϩ RNA from leaves was purified with mRNA purification kit (Pharmacia) and used to synthesize first strand cDNA. DNA and RNA gel blot analyses were carried out according to standard procedures (Ausubel et al., 1987) .
PCR strategy
Five degenerate primers were designed based on conserved amino acid motifs in the C-terminus of the human gp91 phox and OsrbohA (accession X93301); forward primers: NAD1 5Ј-RTHGAYGGICCITWYGG, NAD2 5Ј-GGIATHGGIGYIACICCITT, NAD3 5Ј-TWYGGIMGICCIAAYTGG; reverse primers: NAD4 5Ј-CCRCART-ARAAIACICCDAT and NAD5 5Ј-RAARTKYTCYTTRTKRAA, where R ϭ G or A, H ϭ T,C or A, Y ϭ T or C, W ϭ T or A, M ϭ C or A, K ϭ G or T and I ϭ inosine. 0.1 µg of genomic DNA or cDNA from Landsberg erecta was used as a template in the first PCR amplification with primers NAD1/NAD5 for 35 cycles, using the thermal profile: 94°C for 30', 48°C for 30' and 72°C for 1 min, followed by a final 7 min extension at 72°C. The second PCR was © Blackwell Science Ltd, The Plant Journal, (1998), 14, 365-370 performed with the products of the first PCRs as templates at a dilution 1/50, under the same thermal profile and using primer combinations NAD2/NAD5, NAD3/NAD5 and NAD3/NAD4. The PCR products were isolated, cloned into p-GEM-T vector (Promega) and pBluescript KS ϩ (Stratagene) and sequenced using an ABI PRISM Dye Terminator Cycle Sequencing Kit (PERKIN ELMER).
Isolation and sequencing of genomic and cDNA clones PCR products corresponding to the AtrbohA-E genes, amplified with primer combination NAD2/NAD5 on genomic DNA (corresponding to homologues A, B and C, PCR product size 643, 611 and 636 bp, respectively) and from cDNA (corresponding to homologues D and E, PCR product size 531 and 576 bp), were used as probes in a screening of a Landsberg erecta cosmid library. Positive clones were identified and fragments carrying the genes were subcloned and sequenced.
An A. thaliana cDNA library in λ-ZAPII made from aerial tissue of 20-day-old plants was screened with the probes described above. 10 6 plaque-forming units were screened in each case and only positives corresponding to AtrbohD were identified. As the longest cDNA clone D-151 was not full length, RT-PCR was carried out to identify the first methionine. The primers were designed spanning the first intron on the genomic sequence and used in a RT-PCR procedure on root and leaf RNA, using 5 µg of total RNA as a template.
To identify genomic sequence spanning the introns in the 3Ј-end of AtrbohF, primers F-1:5Ј-CTTCCTCTATTTCGCCAAGCC, F-2:5Ј-TGCTGGTGCACCGTACGGTCC, F-3:5Ј-ATCAGTATCTTGAAA-GATTTGC and F-4:5Ј-TTCTTGCATTGCAATGCTTGG were designed based on the cDNA sequence and used in standard PCR reactions using genomic DNA as a template. Products were subcloned and sequenced.
Mapping
Specific primer combinations for each homologue were used in a PCR screening of CIC YAC clones. The position in the A. thaliana genome was inferred from the map positions of the YACs.
